Introduction
Carotid and transcranial ultrasound (CTU) is an important tool that can identify the etiology and differentiate the diagnosis in patients with cerebrovascular disease, offering additional findings such as the presence of microembolic signals during transcranial ultrasound (TCD) and identifying patients at high risk of recurrence when critical carotid or intracranial stenosis is observed. CTU has many advantages when compared with other vascular methods, in that it is noninvasive, operates in real time, and is portable.
The main concerns of CTU are its operator-dependent nature and the absence of a suitable bone window in approximately 10% of patients. 1, 2 Transcranial ultrasound also requires a high level of expertise and knowledge of three-dimensional cerebrovascular anatomy for correct interpretation of the sonograms. This paper gives an overview of the utility and importance of CTU in the prevention and evaluation of ischemic cerebrovascular disease.
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Figueiredo et al can lead to the development of renal failure, vaso-occlusive crisis, acute chest syndrome, and stroke. These complications reduce the life expectancy of patients with sickle cell disease by [25] [26] [27] [28] [29] [30] years when compared with the general population. 3 Ischemic stroke secondary to occlusive intracranial vasculopathy is a serious complication in patients with sickle cell disease, and is the major cause of morbidity and mortality in children. 3, 4 The highest risk of ischemic stroke is in children aged 2-16 years. In one large study, the incidence of first ischemic stroke in patients with sickle cell disease was 0.08 events per 100 patients per year in children aged younger than 2 years; 0.75 events per 100 patients per year in patients aged 2-5 years; 0.55 events per 100 patients per year in children aged 6-9 years; and 0.30 events per 100 patients per year in children aged 10-19 years. 4 Occlusive intracranial vasculopathy primarily involves the large vessels, ie, the internal carotid artery, middle cerebral artery, and anterior cerebral artery, and stenosis related to the vasculopathy may progress asymptomatically for many years. 5 The authors of STOP (Stroke Prevention Trial in Sickle Cell Anemia) demonstrated that the use of chronic blood transfusions in children with sickle cell disease and increased mean cerebral blood flow velocity by TCD, suggesting severe stenosis of the intracranial basal arteries, had an approximately 90% reduction in relative risk of stroke compared with a control group. 6 Subsequently, a primary prevention approach consisting of TCD monitoring and regular transfusion in patients with high TCD velocities has become standard of care in children with sickle cell disease. 7 TCD should be performed and interpreted in accordance with the parameters defined by the STOP study, and should be done at least once a year in patients aged 2-16 years, based on previous guidelines. 8 Blood cell transfusion is indicated in patients with a mean cerebral blood flow velocity over 200 cm per second on two consecutive TCD examinations. The presence of mean cerebral blood flow velocity below 70 cm per second suggests severe stenosis and a repeat evaluation should be done 1 month later. 8 It is important to note that chronic blood transfusion should not be interrupted by increasing age as suggested by the STOP-2 study, in which interruption of this procedure was associated with reversion to abnormal cerebral blood flow velocity and increased risk of stroke. 
Spontaneous microembolic signals
TCD is the only method that can be used to identify microembolic signals passing through the intracranial circulation.
Visualization of microembolic signals is possible due to the intensity of the abnormal substances (air, fat, or thrombus), which is higher than that of the blood flow inside the vessels. These abnormal signals are known as high intensity transitory signs and can be identified based on certain features, ie, high intensity, short duration, typical sound, unidirectional, and occurring in any moment of cardiac circle. 10 Common sources of microembolic signals are the heart, the large arteries in the head and neck, and the venous system by a paradoxical embolism. In patients with ischemic stroke, transient ischemic attack, or asymptomatic high-grade internal carotid artery stenosis, searching for microembolic signals helps to establish the diagnosis and define the management strategy.
11
Identification of microembolic signals contributes to improved diagnostic accuracy, supports therapeutic decisionmaking, and helps to predict the risk of cerebral ischemia and its recurrence. The presence of asymptomatic microembolic signals has been demonstrated to be an independent predictor of future stroke risk in patients with symptomatic or asymptomatic internal carotid artery stenosis. [12] [13] [14] [15] In some cases, the presence of microembolic signals may be the only finding in a patient with a proximal arterial dissection, a partially occlusive thrombus, or an unrecognized cardiac source of embolism. Embolic signals on TCD are also associated with intracranial clot dissolution.
14-16
Paradoxical embolism
Abnormal right-to-left shunt, predominantly via patent foramen ovale, a congenital heart disease, is one of the most common causes of cryptogenic stroke in patients younger than 55 years of age. 17 Transesophageal echocardiography (TEE) with contrast-enhanced technique (injection of saline solution in a peripheral vein) at rest and after the Valsalva maneuver is considered the gold standard for diagnosis of right-to-left shunt and patent foramen ovale.
17-19 TEE visualizes the travel of a thrombus in real time and can provide anatomic details, such as an atrial septal aneurysm associated with patent foramen ovale. 18 However, in addition to its advantages, TEE requires a high degree of expertise, is poorly tolerated by patients, and the Valsalva maneuver is often impaired by sedation. 19 TCD has a high degree of accuracy for diagnosis of right-to-left shunt when compared with TEE. [17] [18] [19] Further, TCD does not require sedation and is well tolerated by patients, and the Valsalva maneuver can be performed easily and reliably. 18, 19 A previous study that compared the ability of different methods to diagnose and quantify patent 
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Carotid and transcranial ultrasound in stroke foramen ovale demonstrated that TCD with the Valsalva maneuver had higher sensitivity than TEE. 17 When power M-mode Doppler is added, the sensitivity and specificity of TCD increases compared with TEE. 20, 21 Further, TCD can differentiate between an extracardiac right-to-left shunt and patent foramen ovale based on the number of microembolic signals and the latency time to the first microembolic signals after infusion of contrast.
22
Intracranial stenosis
Intracranial atherosclerotic disease is increasingly recognized as a major cause of ischemic stroke and is an independent risk factor for recurrence of stroke, depending on sex and race. It accounts for approximately 8% of ischemic strokes. [23] [24] [25] Patients with a previous transient ischemic attack or ischemic stroke secondary to intracranial stenosis have a 12%-14% risk of subsequent stroke in the 2 years after the event, despite treatment with antithrombotic medication. 26 Diagnosis of intracranial stenosis is frequently done by digital subtraction angiography, which is considered to be the gold standard method but is high-risk and invasive. In this scenario, TCD emerges as a portable tool for more rapid screening and auxiliary diagnosis, with high sensitivity and specificity compared with digital subtraction angiography. For stenosis in the anterior intracranial circulation (internal carotid artery, middle cerebral artery, anterior cerebral artery), sensitivity is 70%-90% and specificity is 90%-95%. 6, 27 For stenosis in the posterior circulation, ie, intracranial vertebral arteries, basilar artery, and posterior cerebral arteries, the numbers are lower, ie, 50%-80% for sensitivity and 80%-96% for specificity. 6 The SONIA (Stroke Outcomes and Neuroimaging of Intracranial Atherosclerosis) trial compared the accuracy of the different methods for detecting over 50% intracranial stenosis. TCD had a positive predictive value of 57%-83% and a negative predictive value of 72%-86% when compared with digital subtraction angiography. Thus, SONIA demonstrated that TCD is a reliable tool to exclude the presence of intracranial stenosis. 28 According to the SONIA criteria, mean cerebral blood flow velocity cutoffs were 100 cm per second for the middle cerebral artery and 80 cm per second for the intracranial vertebral arteries and basilar artery for identification of stenosis over 50% on TCD. More recent studies have shown better predictive values for TCD than those found in SONIA. 29 In the SAMMPRIS (Stenting and Aggressive Medical Management for Preventing Recurrent Stroke in Intracranial Stenosis) trial, the authors validated TCD for stenosis greater than 70% compared with digital subtraction angiography. For the middle cerebral artery, the mean cerebral blood flow velocity over 120 cm per second and for the vertebral arteries and basilar artery, the mean cerebral blood flow velocity over 110 cm per second, are accepted as an indicator of 70% stenosis (SAMMPRIS criteria). 30 Other important findings for intracranial stenosis are the presence of retrograde flow, turbulent flow, and musical murmurs at the site of stenosis and the stenotic/prestenotic flow velocity ratio.
29,31-33
Extracranial stenosis
The pathogenesis of ischemic stroke secondary to extracranial internal carotid artery pathology is related to the presence of a significant stenosis. This stenosis is most commonly caused by an atherosclerotic plaque that reduces blood flow and has hemodynamic effects in the distal territory; in some situations, this plaque may generate emboli and occlusion of the distal arteries.
Carotid ultrasound has high reliability for classifying and grading stenosis, and takes morphology and complex hemodynamic parameters into account. These parameters represent physiological variables and could be related to the prognosis.
Grading of carotid stenosis by ultrasound should be based on hemodynamic and morphological information provided by B-mode, color flow, or B-flow imaging combined with Doppler sonography. The morphological study can classify the stenosis as low or moderate, based on area and reduction of diameter, as defined by NASCET (the North American Symptomatic Carotid Endarterectomy Trial). 34 B-mode is one of the most reliable methods for demonstrating arterial wall thickness and minor plaques, providing images of the wall itself. However, in severe cases, cross-sectional B-mode images may be hindered by shadowing and other artifacts. The same is true for color flow. Therefore, the more severe the stenosis, the more important the hemodynamic criteria. 35 In the assessment of hemodynamic effects, peak systolic velocity (PSV), measured by Doppler sonography, correlates with the narrowing measured in the stenotic segment. Many studies have examined the accuracy and reliability of this criterion for grading stenosis, and it has become accepted worldwide as a grading criterion. [36] [37] [38] Based on hemodynamics, the velocity inside the vessel increases directly with increasing stenosis until a near occlusion, where the velocity reduces progressively. The correlation between velocity and degree of stenosis is demonstrated by Spencer's curve, a theoretical model of the relationship between flow velocity, flow volume, and decreasing size of 
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Figueiredo et al the residual vessel lumen. 39 In this regard, PSV as a single simplified diagnostic parameter for internal carotid artery stenosis is insufficient; it is recommended that the presence of collateral flow in the ophthalmic artery or anterior cerebral artery on TCD could be considered for severe stenosis. 35 Finally, a multiparametric approach, with both morphological and hemodynamic criteria, might classify and grade carotid disease with high reliability into low-degree, moderate, or hemodynamically relevant stenosis. Low-degree stenosis (0%-40%, by NASCET criteria) is defined based on morphological information; moderate stenosis (50%-60% by NASCET criteria) combines locally increased velocity (PSV generally slower than 230 cm/sec), color flow, and B-mode imaging, generally with no collateral flow; and a hemodynamically relevant stenosis (70% by NASCET criteria) is a combination of hemodynamic criteria (increased PSV or end-diastolic velocity) and presence of collateral flow. The post-stenotic flow velocity could be used in high-grade stenosis. The presence of a clear reduction of signal pulsatility and low post-stenotic velocity (PSV below 30 cm/sec), suggests a stenosis of approximately 90%. 35 Another important evaluation in extracranial disease is the adequacy of cerebral perfusion status. 40 Patient selection for intervention is generally based on the presence or absence of neurological symptoms and grading of the severity of carotid stenosis. TCD can further assist clinical decision-making because it helps to identify asymptomatic patients at potentially high risk of stroke by the absence of vasomotor reactivity (VMR) and the presence of intracranial embolization (microembolic signals). During intervention, TCD can be used to monitor intracerebral hemodynamics and brain embolization in real time, reducing perioperative complications. 40 During carotid ultrasound, B-mode imaging allows evaluation of intima-media thickness, a surrogate end point for cardiovascular outcomes when evaluating the efficacy of modification of cardiovascular risk factors. 41 
Cerebral vasomotor reactivity
Cerebral VMR is defined as a change in cerebral blood flow velocity before and after administration of a vasodilatory stimuli (carbon dioxide inhalation reactivity test, intravenous acetazolamide injection and apnea) during TCD examination. [42] [43] [44] All such stimuli produce an increase in the arterial carbon dioxide pressure, causing significant dilatation of the cerebral microvessels. The breath-holding test (apnea) needs active cooperation of the subject, who should hold his/her breath for a relatively long period of time (at least 30 seconds). 44 The acetazolamide test, in which acetazolamide is administered in doses up to 1 g, is a more potent cerebral vasodilator than induced hypercapnia (such as by apnea or carbon dioxide inhalation) and is useful for evaluating subtle abnormalities of cerebrovascular reserve, particularly in uncooperative patients. 45 The utility of these VMR tests in evaluating intracranial hemodynamic status has been studied extensively in patients with internal carotid artery occlusive diseases, and has been shown to be a reliable marker for stroke risk in most but not all studies. 46, 47 Cerebral VMR tests could have a role in therapeutic decision-making for internal carotid artery disease, where the benefit-to-harm ratio for revascularization procedures is seemingly low. [45] [46] [47] Patients with severe carotid stenosis or complete occlusion with abnormal VMR, in other words a smaller increase in mean middle cerebral artery blood flow velocity, are at high risk of stroke. 45 During TCD evaluation, it is possible to identify the presence of collateral flow through the ophthalmic artery, anterior communicating cerebral artery, and posterior communicating cerebral artery. The potential for collateral blood flow in patients with carotid stenosis may influence management. For example, those who undergo carotid endarterectomy without evidence of collateral blood flow pathways on imaging may be at greater risk of a hypoperfusion infarct during temporary intraoperative carotid occlusion. Furthermore, patients with high-grade carotid stenosis or occlusion and low collateral blood flow to the distal middle cerebral artery territory may represent a group of patients in whom hemodynamic insufficiency plays a great role in causing transient or permanent neurologic deficits in the ipsilateral cerebral hemisphere. 45 
Acute ischemic stroke
TCD is considered effective in the detection of stenosis and occlusion of the basal cerebral arteries. The sensitivity and specificity of TCD are lower in comparison with other noninvasive imaging modalities, such as computed tomography angiography and magnetic resonance angiography. However, in terms of diagnosis of a lesion amenable to interventional treatment such as stenting, local thrombolysis, or angioplasty, TCD is a valuable tool for detection and monitoring of the effect of these interventions in acute ischemic stroke. 15 The combination of TCD and carotid ultrasound in patients with acute ischemic stroke is a noninvasive portable method that allows the detection of poor prognosis findings and assists therapeutic 
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Carotid and transcranial ultrasound in stroke decision-making with high accuracy when compared with digital subtraction angiography. 31 
Treatment of acute stroke: thrombolysis
CTU can be used successfully to determine vascular patency in patients with acute ischemic stroke because it can be done within minutes in the emergency room and even before admission to hospital. 48 When performed by a trained person using a standardized and validated protocol, which should include both TCD and carotid ultrasound, this evaluation does not result in any delay in acute stroke management because it can be performed at the bedside simultaneously with neurological examination, monitoring of vital signs, and drawing blood. 15, 31 CTU in patients with acute ischemic stroke helps to detect major intracranial arterial occlusion and carotid stenosis, both of which are associated with poor neurological recovery. Information about collateral pathways and the presence of microembolic signals provided by TCD helps to ascertain the pathogenic mechanism of stroke.
TCD can also be used to monitor the efficacy of treatment with intravenous recombinant tissue plasminogen activator (rtPA) for acute ischemic stroke, and is the only tool that can monitor thrombolysis-induced reperfusion in real time. The timing of brain reperfusion detected by TCD is closely associated with dramatic clinical recovery during rtPA infusion. However, one third of early complete recanalization procedures do not result in immediate clinical improvement, despite being detected by TCD. 49 One third of those patients have a complete clinical recovery at 3 months. 15 One of the most common classifications used to monitor changes during treatment with rtPA is TIBI (Thrombolysis in Brain Ischemia). The TIBI grade correlates with initial stroke severity, mortality, likelihood of reperfusion, and clinical improvement. 50 In the multicenter NAIS (Neurosonology in Acute Ischemic Stroke) study, the sonographic status of the middle cerebral artery within the 6 hours after stroke was found to be an independent predictor of outcome. 51 CTU can rapidly identify patients with acute arterial occlusion amenable to an interventional approach, regardless of the baseline stroke severity. Key ultrasound findings for diagnosis of a lesion amenable to intervention include: one of four abnormal TIBI waveforms (absent, minimal, blunted, dampened) in the vessel supplying a territory affected by ischemia; and evidence of flow diversion or collateralization to compensate for this lesion. 52 The degree of recanalization can be detected by TCD spectral configuration changes. 53 A rapid increase in TIBI grade indicates rapid and more complete clot lysis, and high diastolic velocity indicates low resistance in the distal circulatory bed. In contrast, slow TIBI improvement and dampened waveform are ultrasonic signs of incomplete recanalization. Persistence of a low TIBI grade after intravenous thrombolysis can indicate a need for further reperfusion therapies, such as intra-arterial thrombolysis or mechanical thrombectomy. 54 In addition, an abundance of microembolic signals on TCD examination can indicate a need for early initiation of anticoagulation or antiplatelet therapy. On the other hand, a hyperemic flow pattern can help the clinician to modify blood pressure limits.
55
Sonothrombolysis
Intravenous rtPA infusion is the fastest way to initiate thrombolytic therapy; however, poor recovery might be expected in up to 50% of patients, as a result of the initial severity of the ischemic insult and slow and incomplete thrombolysis. When given intravenously, delivery of rtPA to the thrombus is dependent on the residual flow to and around the arterial obstruction, and better residual flow signals are associated with higher recanalization rates in stroke patients treated with rtPA. A 2 mHz pulsed-wave diagnostic ultrasound beam can serve several purposes: to identify the presence of obstructive intracranial thrombus in a vessel; to provide real-time bedside monitoring of thrombolysis; and to augment residual flow and speed up thrombolysis, allowing patients to recover from stroke more rapidly and completely. 52 Therefore, therapeutic ultrasound is a promising stroke treatment paradigm.
The ultrasound exposure enhances both spontaneous (sonothrombolysis) and thrombolytic agent-mediated lysis of an intravascular clot (ultrasound-enhanced thrombolysis). The mechanisms include facilitation of permeation of the thrombolytic agent into the clot by promoting fluid motion around the clot surface (microstreaming), formation of micropores or opening of the cross-linked fibrin mesh, direct cleavage of fibrin polymers, and the creation of extra binding sites for rtPA on the fibrin network. 52, 56, 57 CLOTBUST (Combined Lysis of Thrombus in Brain Ischemia Using Transcranial Ultrasound and Systemic t-PA) was a randomized, multicenter clinical trial that demonstrated a 49% rate of complete recanalization within 2 hours after a bolus of rtPA when rtPA infusion was continuously monitored with TCD, compared with a 30% rate of complete recanalization in patients who received rtPA without ultrasound monitoring, with no increase of intracranial 56 This increased recanalization rate translated into an increased rate of clinical recovery after 3 months, with 41.5% of patients in the monitored TCD group achieving a favorable outcome compared with 28% in the control group. 56 However, delivery of sonothrombolysis via cranial bone windows requires training in both anatomic localization and waveform recognition. The development of an operatorindependent device that can target the proximal intracranial arteries without specialized neurovascular ultrasound training would make the sonothrombolysis technique easier. A device was developed and has now undergone preliminary (Phase I) testing.
57 This hands-free device uses 2 mHz pulsed-wave technology that never exceeds approved diagnostic ultrasound exposure levels and delivers energy through both temporal windows and the suboccipital window via 18 separate transducers. The CLOTBUST-HF (Combined Lysis of Thrombus in Brain Ischemia With Transcranial Ultrasound and Systemic T-PA-Hands-Free) study tested the safety of the handsfree device in a cohort of patients with ischemic stroke.
57
Compared with historical controls (who received rtPA alone) from the original CLOTBUST study, 56 patients treated with the hands-free device experienced higher rates of sustained complete recanalization, similar to those observed with the hand-held device. All patients tolerated the entire 2 hours of insonation, and none developed symptomatic intracerebral hemorrhage.
Conclusion
CTU, a combination of TCD and carotid ultrasound, has an important role in the rapid diagnosis of carotid and intracranial diseases, in improving therapeutic decisionmaking in acute stroke, in assessing the risk of recurrence and poor prognosis, and for primary prevention in asymptomatic patients. Technological advances in these methods can lead to their greater relevance in the context of neurological diseases. CTU, as rapid and informative emergency vascular assessment tool, has the advantage of being a portable, noninvasive, and affordable technique.
TCD is the only noninvasive real-time neuroimaging modality for evaluation of the characteristics of cerebral blood flow velocity in the basal intracranial vessels that adds physiological information to structural imaging. TCD has become an important tool for diagnosis and monitoring cerebrovascular pathologies. TCD has become an important tool for diagnosis and monitoring cerebrovascular pathologies.
Within its large spectrum of clinical applications, TCD is a standard of care in children with sickle cell disease, reducing the risk of stroke in these patients. In acute stroke, TCD provides rapid information about vascular stenosis and occlusion and the hemodynamic status of the cerebral circulation, and allows real-time monitoring of recanalization. Extended applications such as VMR, monitoring of microembolic signals, and detection of right-to-left shunt help clinicians to ascertain stroke mechanisms at the bedside, plan and monitor treatment, and determine prognosis.
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